Prolonged periods of extreme heat or drought in the first year after fire affect the resilience and diversity of fire-dependent ecosystems by inhibiting seed germination or increasing mortality of seedlings and resprouting individuals. This interaction between weather and fire is of growing concern as climate changes, particularly in systems subject to stand-replacing crown fires, such as most Mediterranean-type ecosystems. We examined the longest running set of permanent vegetation plots in the Fynbos of South Africa (44 y), finding a significant decline in the diversity of plots driven by increasingly severe postfire summer weather events (number of consecutive days with high temperatures and no rain) and legacy effects of historical woody alien plant densities 30 y after clearing. Species that resprout after fire and/or have graminoid or herb growth forms were particularly affected by postfire weather, whereas all species were sensitive to invasive plants. Observed differences in the response of functional types to extreme postfire weather could drive major shifts in ecosystem structure and function such as altered fire behavior, hydrology, and carbon storage. An estimated 0.5 • C increase in maximum temperature tolerance of the species sets unique to each survey further suggests selection for species adapted to hotter conditions. Taken together, our results show climate change impacts on biodiversity in the hyperdiverse Cape Floristic Region and demonstrate an important interaction between extreme weather and disturbance by fire that may make flammable ecosystems particularly sensitive to climate change.
Prolonged periods of extreme heat or drought in the first year after fire affect the resilience and diversity of fire-dependent ecosystems by inhibiting seed germination or increasing mortality of seedlings and resprouting individuals. This interaction between weather and fire is of growing concern as climate changes, particularly in systems subject to stand-replacing crown fires, such as most Mediterranean-type ecosystems. We examined the longest running set of permanent vegetation plots in the Fynbos of South Africa (44 y), finding a significant decline in the diversity of plots driven by increasingly severe postfire summer weather events (number of consecutive days with high temperatures and no rain) and legacy effects of historical woody alien plant densities 30 y after clearing. Species that resprout after fire and/or have graminoid or herb growth forms were particularly affected by postfire weather, whereas all species were sensitive to invasive plants. Observed differences in the response of functional types to extreme postfire weather could drive major shifts in ecosystem structure and function such as altered fire behavior, hydrology, and carbon storage. An estimated 0.5 • C increase in maximum temperature tolerance of the species sets unique to each survey further suggests selection for species adapted to hotter conditions. Taken together, our results show climate change impacts on biodiversity in the hyperdiverse Cape Floristic Region and demonstrate an important interaction between extreme weather and disturbance by fire that may make flammable ecosystems particularly sensitive to climate change.
Cape Floristic Region | Fynbos | South Africa | biodiversity | climate change A mid mounting evidence of climate change impacts on living systems (1) (2) (3) , there is increasing concern about changing disturbance-climate interactions and their potential impacts on biodiversity and ecosystem function (4) (5) (6) (7) (8) (9) . Fire is a ubiquitous driver of disturbance across the globe and is essential for the healthy functioning and maintenance of many ecosystems (10, 11) , but changes in fire regime or postfire weather may drive major shifts in the composition, structure, and function of ecosystems (12) . Changes in climate and weather can alter fire regimes (7, 8) , whereas increasingly extreme or prolonged periods of heat or drought in the years immediately after fire may affect ecosystem resilience and diversity by inhibiting seed germination or increasing mortality of seedlings or sprouting individuals (13) (14) (15) . Where these impacts alter the functional composition of communities, this change can drive major changes in ecosystem structure and function (16) (17) (18) . Although interactions between climate change and fire are likely to affect ecosystems across the globe, they are of particular concern in fire-dependent ecosystems subject to stand-replacing crown fires, where community composition is essentially reset by fire. This includes multiple global biodiversity hotspots of conservation concern, such as the Fynbos of the Cape Floristic Region (CFR) of South Africa and other Mediterranean-type ecosystems (19) .
Fire has been a strong driver of diversification and the evolution of plant life-history strategies in the Fynbos (10, 20, 21) and is a necessary natural disturbance for the maintenance of biodiversity (10, 17, 21) . Fynbos plant species use strategies to persist or regenerate after fire, and most depend on fire to complete their life cycle. Many resprout from storage organs or retain seeds in fireproof (serotinous) cones that open after fire, whereas others use dispersal vectors such as ants or rodents to facilitate underground storage of seed, later triggered to germinate by heat or smoke (20) . Postfire weather conditions and the frequency, season, and intensity of fires are important determinants of vegetation structure and composition (21, 22) , and there is increasing concern that these properties of the disturbance regime are changing, resulting in altered ecosystems and biodiversity loss (7, 21, 23) .
Observational studies report high seedling mortality in the first summer after fire (10, 24) , and several experimental studies working on Fynbos species have found that temperatures
Significance
Changing interactions between climate and fire are impacting biodiversity. We examined the longest vegetation survey record in the Fynbos, South Africa, a fire-prone Mediterranean-type ecosystem and Global Biodiversity Hotspot, finding significant impacts of prolonged hot and dry postfire weather and invasive plants on species diversity. Graminoids, herbs, and species that sprout after fire declined in diversity, whereas the climatic niches of species unique to each survey showed a 0.5 • C increase in maximum temperature. The consequences of these changes for the structure and function of this ecosystem are largely unknown. This interaction between fire and changing climate is cause for concern in fire-prone ecosystems subject to severe summer droughts and temperature extremes, such as southern Australia, California, and South Africa.
1.4-3.5
• C above ambient, or drought treatments over a period of 6-75 d, drastically reduce germination and seedling survival rates (14, 15) . Weather records for the CFR report increases in minimum and maximum temperatures, lower summer rainfall, fewer rain days, and decreases in wind run and minimum relative humidity over the past 30-50 y (4, 25-27) . Thus, plants are encountering higher temperatures and longer hot and dry spells during summer, which we expect to result in lower germination rates and higher mortality of seedlings or sprouting individuals in the first summer after fire. Although reduced wind run (lower wind speeds and greater numbers of still days) may reduce potential evapotranspiration and drought stress, it also reduces sensible heat loss, increasing the potential for heat stress (25) .
Little is known about the degree to which different growth forms or life history types in the CFR vary in response to postfire weather extremes. Existing studies are limited to germination and seedling survival trials on shrubs in the family Proteaceae (14, 15, 28) . Shrubs are perhaps the least likely to be affected by climate extremes because they are deeper-rooted than other Fynbos growth forms, with roots reaching depths of 17 cm within 16 wk of germination (29) . Shallow-rooted perennial species, including most graminoids and herbs in Fynbos, are likely to be most sensitive, as reported in other ecosystems (30) . A recent global review proposes that species that resprout are more resilient to drought stress, but reports that empirical studies are few and conflicting (31) . Fynbos studies report a higher proportion of resprouters in sites with wetter soils at the scale of both local communities and across biogeographic regions (18, 32, 33) , invoking higher moisture requirements for establishment and regeneration, owing to the need to allocate resources to burls or lignotubers. This pattern suggests that resprouter species may be highly sensitive to extreme weather in the first year after fire.
Recently, there has been increasing emphasis on testing alternative or compounding nonclimatic drivers of change to strengthen confidence in climate change impact science (34) . Two potential drivers in Fynbos ecosystems are the impact of alien plant invasions-which are considered the greatest threat to plant species in South Africa after habitat loss (35) -and the effect of changes in indigenous overstorey shrub density on understorey species diversity (36) . The presence and density of serotinous overstorey shrub species at a site vary greatly between fires (37), and higher densities alter the composition and diversity of understorey species (36) . Alien trees and shrubs from the genera Acacia and Pinus (38) are particularly problematic in Fynbos ecosystems, impacting diversity and ecosystem function by suppressing native vegetation, increasing biomass loads (and thus the intensity of fires), reducing soil moisture, and changing soil nutrient fluxes (16, (39) (40) (41) . These species were introduced to our site >150 y ago to stabilize sand dunes and supplement the meager firewood provided by indigenous shrubs, but rapidly became invasive (42, 43) . Intensive clearing operations were started in the 1970s, and woody alien species were almost completely eradicated by the late 1980s (39), but we would anticipate a legacy of invasion history on diversity at our site (41, 44) .
We examined the longest-running set of permanent vegetation plots in the Fynbos of South Africa (44 y) to test for negative impacts of increasingly prolonged periods of hot and dry weather in the first summer after fire on plant diversity. Plots were established in the Cape of Good Hope section of Table  Mountain National Park-perhaps the most diverse portion of the Fynbos (45)-in 1966 (46) and reenumerated in 1996 (37) and 2010 (this study). To strengthen confidence in our findings, we tested for the influence of multiple potential drivers of change (34) , including fire history, historical woody alien plant densities, and impacts of changes in overstorey shrub density on understorey diversity. We also hypothesized that responses to postfire weather extremes would vary among species with different life histories, with shallow-rooted growth forms worst affected, and species that resprout after fire being as sensitive, if not more, than species that recruit from seed.
To test our hypotheses, we first analyzed the weather record for the reserve from 1963 to 2009, looking for evidence of directional change in the intensity of extreme weather events. Second, we tested for significant change in species richness within plots through time. Third, we modeled the change in plot species richness between surveys as a function of among-site differences in the severity of extreme weather events [number of consecutive hot and dry days (CHDs)] experienced in the first summer after fire, historical alien species densities, changes in the presence of serotinous overstorey species, and postfire vegetation age. Note that the postfire weather experienced varies greatly between plots, because they burned at different times. These analyses were repeated for all species and separately for each fire response type (seeder vs. resprouter) and growth form to test for differences among functional groups in response to change drivers. Finally, we tested for an imprint of climate-driven shifts in species composition across all plots by comparing the mean maximum temperature tolerance of the species that showed turnover at the study level (i.e., the species unique to each survey), which we derived from their geographic distribution records across the CFR.
Results
Weather Record. Previous analysis of the 48-y weather record for the site revealed a 1.2
• C increase in monthly mean maximum temperatures, a 1
• C increase in monthly mean minimum temperatures, and a 2-mm increase in cumulative monthly rainfall (27) . Although their analysis found no significant change in the annual maximum number of consecutive dry days (ranging from 21 to 91 d), we found a significant increase in the annual maximum CHD from 4 to 6 [ • C) and rainfall was <1 mm.
ECOLOGY ENVIRONMENTAL SCIENCES
Generalized linear mixed effects models (47) revealed significant declines in plot-level total species richness with each survey, even after differences in vegetation age (time since fire) were accounted for (Table 1) . Seeder species richness declined significantly over the period 1966-1996, but did not differ significantly between 1966 and 2010, suggesting some degree of recovery between the second and third surveys, following the earlier removal of woody alien plants. Resprouter species declined significantly with each survey. Splitting species by growth form revealed declining graminoid and herb species richness with each survey and no change in tall shrubs or geophytes. Low shrubs declined initially and then recovered by 2010, similar to the set of all seeder species. The diversity of all life forms declined with increasing time since fire, because fewer individuals were sampled within the fixed plot area as plants increased in size and stands thinned due to competition (48) .
The Drivers of Species Loss. Estimates for the effects of high CHDs in the first summer after fire on the change in species richness were negative for most groups, but near zero for seeders, low shrubs, and geophytes over the period 1966-2010 (Fig.  2) . These effects were significant for graminoid (posterior mean: −4.260; pMCMC < 0.01) and all resprouter species (posterior mean: −3.998; pMCMC < 0.05). Herb species showed a significant decline over the initial (posterior mean: −0.930; pMCMC < 0.05; Fig. S1 ), but although a decline was still evident over the entire study period, it was not significant (posterior mean: −0.627; 95% confidence interval: −1.704 to 0.496; pMCMC = 0.26). Low shrubs showed no response over the entire period, but a weakly significant positive response to higher CHDs between 1966 and 1996, possibly due to reduced competition from herbs and graminoids.
All species sets other than geophytes responded negatively to alien infestation, with increasing impacts of higher densities. These effects were less evident over the initial 1966-1996 period and less significant for tall shrubs and herbs. Serotinous tall shrubs occurred in 34, 36, and 45 plots across the three successive surveys, but their presence had only weak positive effects on tall shrub and seeder species richness, with which they are autocorrelated, and low shrubs, which are likely to respond to environmental conditions in similar ways (Fig. S2) .
Climate-Driven Shifts in Species Composition. We compared the mean maximum temperature tolerance of the sets of species unique to each survey based on their macroclimatic tolerances. Species-level and then combined mean macroclimatic tolerances for each species set were estimated from climate data extracted for species distribution records from gridded climatologies (49) (50) (51) . They revealed significant shifts toward hotter mean maximum temperature tolerance (Fig. 3) , suggesting that species lost from the plots tended to be from cooler regions, whereas those that colonized plots could tolerate the higher temperatures now observed at our site. These results were consistent for all three climatologies available for our study region (Fig. S3 ) (49) (50) (51) . The magnitude of the observed shift in mean maximum temperature tolerance (0.55
• C) was less than the temperature change observed at the site over the full study period (1.2
• C). We would expect this result, if climate impacts are only realized when sites are exposed to extreme postfire weather, given that many plots last burnt in the 1980s and some more recent fires were followed by benign summers. Similarly, we would not expect comparison of all species occurring in each survey to reveal significant shifts (Fig. S4) , because many species may not have encountered extreme postfire weather or have been buffered by climatic variation among plots within the study area (72% of species were stable at the study level), overwhelming any signal.
Discussion
Species diversity declined in our study site through time, varying between plots in response to spatial differences in the intensity of extreme weather experienced in the first summer after fire and historical woody alien plant invasion. Our dataset allowed us to test the impact of the range of most likely drivers of species loss in this ecosystem, strengthening confidence in our inference (34) . These results represent one of the few examples of climatedriven diversity loss in natural communities (1) , are the first example from the hyperdiverse flora of the CFR (4), and demonstrate an important interaction between climate change and disturbance by fire that suggests flammable ecosystems, especially those subject to crown fires, may be particularly sensitive to climate change (4, 52) .
Species richness of graminoids, herbs, and species that resprout declined in plots that suffered longer spells of CHDs in the first summer after fire, and these spells have increased in duration over the study period. The decline in graminoid and herb species richness is consistent with findings from longterm studies of climate change impacts on Californian grasslands (1) and the Siskiyou mountain herb flora of southern Oregon (30) . The observed differences in the response of major growth forms and fire-response types to climate change could well drive major shifts in ecosystem structure and function (13, 17, 18, 31) . For example, graminoids and herbs form the majority of the flammable fuel load in Fynbos communities (53) , so changes in their cover-abundance may alter fire behavior. Furthermore, the initial recovery of Fynbos vegetation biomass after fire is dominated by graminoids, herbs, and species that resprout (54) . Loss of these species would slow initial postfire vegetation recovery, affecting community composition and function by creating a more open light environment, reducing carbon storage and soil integrity, and altering hydrology and the fire regime (18) .
The mechanisms driving the observed differences in the response of major growth forms and fire-response types to extreme postfire weather are not clear, but there are several circumstantial lines of evidence that deserve further investigation. First, shrub species have deeper root systems than graminoids and herbs when mature (55) , allowing access to deeper water and facilitating transpirational cooling during periods of extreme hot and dry weather. Unfortunately, little is known about the relative rate of root elongation during the establishment phase (29) . Second, resprouters typically have lower seed output, seedling growth, and recruitment rates than seeder species (56) , and additional climate-induced constraints on seedling establishment may have a greater impact on their ability to recruit new individuals and/or colonize plots than seeder species. Furthermore, greater dependence on persistence makes resprouter demography particularly sensitive to adult mortality (56) . Their greater prevalence in wetter Fynbos environments (18, 32, 33 ) suggests that their decline may in part be due to elevated mortality of resprouting adults as a result of higher temperatures and/or reduced soil moisture.
The additional bottleneck that increasingly extreme weather places on the postfire regeneration phase is concerning because it may compromise the stability of populations and/or further limit species' abilities to migrate and track shifting climate space (4, 13, 57) . Increasing mortality will threaten resprouter species that depend on adult survival for their persistence, whereas the many species in crown-fire ecosystems that can only recruit in the first year after a fire event [most species in our study (20) ] are subject to a form of climatic Russian roulette. Although interannual climatic variability may continue to provide years sufficiently benign to allow windows of opportunity for successful regeneration (58), the progressively longer spells of CHDs observed over the past 50 y suggest that these will become increasingly scarce.
The observed shifts toward hotter mean maximum temperature tolerance in the sets of species unique to each survey is consistent with the pattern of "thermophilization" in the tropical forests of the northern Andes and northwestern Colombia reported by Duque et al. (3) . Evidence of thermophilization does not indicate the underlying mechanism driving local extinction or colonization, but it does support the notion of climate-driven shifts in the composition of our plots. Duque et al. (3) found that shifts in community-level mean climate tolerances were slightly faster for juvenile trees than adults, but were largely keeping pace with observed climate change. Our communities appear to be lagging, possibly due to adult individuals being more resistant to climate extremes than seedlings or individuals that are actively resprouting. This resistance would lead to delayed, punctuated shifts in composition associated with fires and suggests that the full impact of temperature increases experienced to date is yet to be realized.
In addition to the effects of intensifying postfire weather, there was a clear negative impact of the history of woody alien species invasion on all functional types except geophytes. The impact was far more pronounced when viewed over the full study period, despite the near-complete eradication of woody alien species from the reserve before the 1996 survey (39), suggesting strong "legacy effects" (44) that have continued to impact diversity at our site 30 y after the removal of alien species. The dominant invasives were N-fixing Australian Acacia species that are known to have long-lasting effects on soil chemistry and to reduce indigenous seedbanks (40, 41) . The marginally positive response to aliens displayed by geophytes over the initial survey period may have been in response to greater N availability or increased light in the understorey after alien clearing.
We found evidence of diversity loss driven by the interaction between fire and intensifying periods of hot and dry weather overlaying impacts of a historical alien woody plant infestation in the longest existing vegetation plot record for the CFR. Our findings are based on models that consider a range of potential drivers of change and an analysis of species' climatic niches to infer community-level responses to a/biotic change, and are consistent with multiple existing lines of evidence, including germination and seedling trials (14, 15) , and regional vulnerability assessments (59) . This study highlights the value of detailed long-term datasets for detecting the influence of multiple global change drivers in unison and for identifying region-specific interactions among change drivers and natural ecological processes (9, 34) . The exacerbation of postfire mortality by increasingly severe weather extremes is likely to drive major shifts in the composition, structure, and function of fire-prone ecosystems subject to severe summer droughts and temperature extremes. This is cause for concern given the recent major droughts and temperature extremes suffered in southern Australia, California, and South Africa.
Materials and Methods
All data and R code for all analyses are provided in Datasets S1-S5.
ECOLOGY ENVIRONMENTAL SCIENCES
Analysis of Extreme Weather Events. We used temperature and rainfall records from the Cape Point Global Atmospheric Watch Station situated on the southern tip of the Cape Peninsula (34
• 21' S, 18
• 29' E, 230 m above sea level) to calculate the maximum number of CHDs (days with <1 mm rainfall and maximum temperatures were in the 90th percentile for the record; >21
• C in this case) for the period 1963-2009 and quantified the trends by using a Bayesian linear model ( Fig. 1) (47) . CHD was calculated for the period October to March to account for the Austral summer spanning calendar years.
Vegetation Survey Data and Analysis. The original 1966 study surveyed 100 size 5-× 10-m permanently marked plots (46) placed on a grid at 1,000-yard (914 m) intervals. A total of 81 plots were found and resurveyed in 1996 (37) , and 63 of these were found and resurveyed in 2010. Because our aim was to explore the effects of fire and postfire weather, we excluded all plots that did not burn in the period 1966-2010 from our analyses, leaving 54 plots. Surveys generated lists of species for each plot, with species scored into one of five abundance classes (37) . Plants were positively identified to species wherever possible, and the species lists were updated to current taxonomy (60) . Species were classed into fire response type (seeder vs. resprouter) and growth form [geophyte, herb, graminoid, low shrub (<1 m), or tall or medium shrub (>1 m)] following ref. 37 , supplemented by literature records and field observations for species first recorded in the 2010 survey. Note that graminoids are typically separated from herbs in Fynbos studies because this component is dominated by species with tough perennial photosynthetic stems and reduced leaves in the families Restionaceae and Cyperaceae (37, 54) . The date and number of fires experienced by each plot were obtained from the original surveys (37, 46) and the Table Mountain National Park fire database (23) . Data on alien species' presence and density were obtained from two studies that enumerated all woody alien species in 183-m radii around the plots in 1966 (42) and over the period 1976-1980 (43) , ranked into abundance classes of 0; 1-49; 50-199; and 200+ individuals. We used the highest alien abundance class recorded during either survey to characterize the potential effects of invasives.
We performed two sets of analyses on the vegetation survey data using generalized linear mixed-effects models implemented in a Bayesian framework (47), which we repeated for the set of all species and separate subsets for resprouters, seeders, and each of the five growth forms. The first tested whether there was a significant directional decline in species numbers within plots. We fitted raw species counts using a Poisson distribution with vegetation age (at the time of each survey) and survey as fixed effects and plot as a random effect, creating a repeated-measures design. We included vegetation age in the model, because species counts per unit area decline with time since fire in Fynbos because fewer, larger individuals are sampled [i.e., species density declines (48) ]. Typically, one should compare species richness estimated by using rarefaction (48) , but sensitivity analyses exploring rarefaction based on individual counts estimated from the five abundance classes used in our vegetation surveys suggested that this approach is prone to very large error.
For the second analysis, we tested for evidence of the impacts of a set of potential change drivers on species numbers based on previous evidence (4, 14, 15, 21, 38, 59) . Unfortunately, the ubiquitous nature of global change negates the use of control sites to test whether an observed change can be ascribed to a particular cause. As such, we were limited to modeling observed change within sites as a function of spatial differences in the severity of drivers across sites over the period of observation. This generalized linear model was fitted with a Gaussian distribution, because many of the changes in species numbers were negative. Examination of qq-plots supported this approach. We found no evidence of spatial autocorrelation when plotting the autocorrelation function for the response variable and each covariate (in their continuous form). Covariates included change in postfire age between surveys (continuous), the most extreme CHD (2 approximately even categories: 0-5 and 5+; range = 2-8) experienced in the first summer after fire by each plot between vegetation surveys, the maximum alien plant densities (four categories), and the local extinction, stability, or colonization by serotinous tall shrubs (three categories). We did not explore the influence of differences in the number, return time, or season of fires experienced by the plots, because they did not exceed expected natural variation (23) .
Models were run with an uninformative inverse-Wishart prior (for multivariate normal data) for 53,000 iterations. Convergence was reached within 3,000 iterations in all cases, and every 10th iteration was sampled thereafter, yielding 5,000 samples for estimation of the posterior means and distributions.
Climate Shifts Based on Regional Species Distribution Records. We compared the mean maximum temperature tolerance for the sets of all species and species unique to each survey by hierarchically estimating species and then survey means using a Bayesian model assuming Gaussian distributions and uninformative priors (61) . Temperature data were extracted from three separate 1 arc minute gridded climatologies (49-51) for all occurrence records in the CFR available from the Pretoria National Herbarium Computerised Information System (PRECIS), with a location accuracy of <2 km for each species (7-1,359 records per species).
